The objective of the current study is to characterize the viscoelastic and fatigue properties of model methacrylate-based dentin adhesives under dry and wet conditions. Static, creep, and fatigue tests were performed on cylindrical samples in a 3-point bending clamp. Static results showed that the apparent elastic modulus of the model adhesive varied from 2.56 to 3.53 GPa in the dry condition, and from 1.04 to 1.62 GPa in the wet condition, depending upon the rate of loading. Significant differences were also found for the creep behavior of the model adhesive under dry and wet conditions. A linear viscoelastic model was developed by fitting the adhesive creep behavior. The developed model with 5 Kelvin Voigt elements predicted the apparent elastic moduli measured in the static tests. The model was then utilized to interpret the fatigue test results. It was found that the failure under cyclic loading can be due to creep or fatigue, which has implications for the failure criterion that are applied for these types of tests. Finally, it was found that the adhesive samples tested under dry conditions were more durable than those tested under wet conditions.
INTRODUCTION
In 2005 166 million dental restorations were placed in the United States 1 and clinical studies suggest that more than half were replacements for failed restorations. 2 Replacements of failed restorations accounts for nearly 70% of all restorative dentistry 2 and this emphasis on replacement therapy is expected to grow as the public's concern about mercury release from dental amalgam forces dentists to select alternative materials. Resin composite is the most commonly used alternative, 3 but moderate to large composite restorations have higher failure rates, more recurrent caries, and increased frequency of replacement as compared with amalgam. [2] [3] [4] [5] [6] [7] [8] The primary factor in the premature failure of moderate to large composite restorations is recurrent decay at the margins of the restorations. 7 The composite is too viscous to bond directly to the tooth, thus a low viscosity adhesive is used to form a connection between the tooth and composite. The tooth surface is generally prepared by pretreatment with acids such as 35% phosphoric acid. The adhesive infiltrates the porosities created in the tooth by the acid etchant. Acid-etching provides effective mechanical bonding between enamel and adhesive, but bonding to dentin has been fraught with problems. Clinicians frequently find very little enamel available for bonding at the gingival margin of class II composite restorations and thus, the bond at this margin depends on the integrity of the adhesive seal formed with dentin. 9, 10 At the vulnerable gingival margin, the dentin adhesive is the primary barrier between the prepared tooth and surrounding environment. A failed adhesive means that there are gaps between the tooth and composite. Bacterial enzymes, oral fluids and bacteria can infiltrate these gaps and this activity will lead to recurrent decay, hypersensitivity, pulpal inflammation, and restoration failure. 2, [11] [12] [13] [14] The lack of effective and durable dentin adhesives is generally considered one of the major problems with the use of composites in direct restorative dentistry.
In the mouth, dentin adhesives are subjected to both chemical and mechanical stresses. The interplay of these stresses can lead to a change in the mechanical properties of the adhesive. The mechanical property change results from a variety of mechanisms including (1) proliferation of surface and subsurface flaws due to the combined effects of mechanicalloads and exposure to chemical challenges and (2) change in the chemical nature of the polymer in the form of either crystallization or plasticization. Our previous work has shown that the mechanical property of the adhesive not only effects the overall bond or shear strength but has a profound influence on the load transfer mechanism at the dentin-adhesive (a/d) interface. 15, 16 Therefore the change in the mechanical property of the adhesive with time can result in a gradual loss of the mechanical integrity of the a/d interface.
To understand the mechanical behavior of the adhesive under stress that simulates cyclic oral loading requires characterization of the viscoelastic and fatigue properties of the material. These dentin adhesive properties have not been widely investigated. Most dentin adhesive characterization studies are focused on bond strength investigations that by nature incorporate the effects of dentin and composite. [17] [18] [19] The objective of this article is to characterize the viscoelastic and fatigue properties of model methacrylate-based dentin adhesives under both dry and wet (submerged in water) conditions. The measured mechanical properties are incorporated in a linear viscoelastic model to show the effect of these properties on the overall fatigue failure behavior of the adhesive.
MATERIALS AND METHODS

Material
The model adhesives consisted of 2-Hydroxyethylmethacrylate (HEMA, Acros Organics, NJ) and 2,2-bis[4-(2-hydroxy-3-methacryloxypropoxy) phenyl]-propane (BisGMA, Polysciences, Warrington, PA) with a mass ratio of 45/55 (HEMA/BisGMA). The following photoinitiators (all from Aldrich, Milwaukee, WI) were used in the study: camphorquinone (CQ), ethyl-4-(dimethylamino) benzoate (EDMAB) and diphenyliodonium hexafluorophosphate (DPIHP). The amounts of photosensitizer, coinitiator amine and iodonium salt were fixed at 0.5 mass% with respect to the total amount of monomer. Continuous shaking and sonication for 48 h were required to yield well-mixed resin solutions. All the materials in this study were used as received.
Sample Preparation
Circular beam specimens of diameter 1 mm and length 15 mm were made by curing the resin in a glass-tubing mold (Fiber Optic Center Inc, #CV1012, Vitrocom Round Capillary Tubing of Borosilicate Glass). The model adhesives were injected into the tubing using a micro-pipette and light polymerized with a LED light curing unit of intensity 250 mW/cm 2 and area 6.25 mm 2 for 9 s (LED Curebox, Proto-tech, and Portland, OR). The polymerized samples were stored in dark at room temperature for two days to provide adequate time for post-cure polymerization. The samples were then extracted from the glass tubing mold and stored for three days in a vacuum oven in the presence of a drying agent at 37°C to remove water that may have been absorbed during specimen preparation. The specimens used for wet testing were submerged in distilled water for at least five days at 37°C prior to mechanical testing. For the wet condition, mechanical testing was performed with the specimens submerged in water.
Degree of conversion
The degree of conversion (DC) was determined using Raman spectroscopy. Spectra were collected using a Lab-RAM ARAMIS Raman spectrometer (LabRAM HORIBA Jobin Yvon, Edison, NJ) with a HeNe laser (λ = 633 nm, a laser power of 17 mW) as an excitation source. To determine the DC, spectra of the uncured resins and beam specimens were acquired over a spectral range of 700-1800 cm −1 . The change of the band height ratios of the aliphatic carbon-carbon double bond (C=C) peak at 1640 cm −1 and the aromatic C=C at 1610 cm −1 (phenyl) in both the cured and uncured states was monitored. 20 DC was calculated using the following formula based on the decrease in the intensity band ratios before and after light curing:
The average value of DC was obtained from three readings acquired from different positions on the sample.
Mechanical tests
Instrument-Dynamic Mechanical Analyzer (DMAQ800. TA Instruments, New Castle, USA) was used in a 10 mm 3-point bending configuration for all the mechanical testing. For wet testing, a submersion clamp was used and the adhesive samples were submerged in water during the test. Temperature was kept at 37°C for all the tests.
Static-Static or monotonic tests were performed on dentin adhesives in both dry and wet conditions to obtain the stress-strain curves. During the static tests, load was increased at a constant rate until the sample ruptured. These tests were performed at three different loading rates of 10 N/min, 0.1 N/min, and 0.0075 N/min. Three specimens were tested for 10 N/min and 0.1 N/min loading rates, while two specimens were tested for 0.0075 N/min loading rate. The highest loading rate was determined from the machine limits, while the lowest loading rate was based on the time needed for the completion of a test. The intermediate loading rate was chosen arbitrarily.
Creep-Creep testing is performed by applying a constant stress over time. The creep test was performed at four different stress-levels (80 MPa, 55 MPa, 48.8 MPa, and 30.5 MPa) and (30.5 MPa, 24.4 MPa, 18.8 MPa, and 12.2 MPa) for the dry and wet conditions, respectively. These stress levels correspond to the mean stress-levels of fatigue tests and were chosen to study the linear to nonlinear transition of the dentin adhesive behavior.
For the creep test, the sample was placed on the 3-point clamp and a preload of 0.01 N was applied so that the sample is clamped in the test fixture. Subsequently, a constant stress was applied for 120 min. The stress was then removed and the sample was allowed to recover for 30 min. Most of the samples returned to their original state in 30 min. Strain was measured throughout the process.
Fatigue-A material can fail at a stress below its ultimate strength because of damage accumulation during cyclic loading. This phenomenon is called fatigue failure. Fatigue tests can be done using either a stress-based or strain-based approach. In this work, stress based approach was used for both the dry and wet dentin adhesives. The cyclic stress applied during a fatigue test is depicted in Figure 1 .
All the fatigue tests were done at a stress ratio R of 0.1 since it gives a broad range of stress amplitudes and allows for testing at low mean stress. In this case, the mean stress and stress amplitude are related as follows:
while the maximum stress is given by . All of the fatigue tests were performed at 5 Hz.
Stress amplitudes for fatigue testing were based upon the stress-strain curves obtained from the static tests. Stress amplitudes were selected so that the maximum stress over a cycle during the fatigue loading was smaller than the yield stress. This approach avoided any permanent deformation to the specimen. The stress amplitudes and mean stresses for the dry tests were 45, 40, 35, and 30 MPa and 55, 48.8, 42.7, and 36.6 MPa, respectively. The stress amplitudes and mean stresses for the wet tests were 25, 20, 15 and 10 MPa, and 30.5, 24.4, 18.8, and 12.2 MPa, respectively.
Viscoelastic model for dentin adhesive-To model the mechanical behavior of the dentin adhesive, five Kelvin-Voigt elements with different retardation times were used to form a Prony series. 21 The creep compliance function with five Kelvin-Voigt elements connected in series is given by the equation (1) Here J 0 , J 1 , J 2 , J 3 , J 4, and J 5 are creep constants and τ 1 , τ 2 , τ 3 , τ 4 , τ 5 are the retardation times associated with each Kelvin-Voigt element. Using the creep compliance function, the creep constitutive equation is written as: (2) where σ(0) is the stress at the time zero. In a creep test constant stress is applied, therefore, , while in a static test stress is applied at a constant rate, that is .
RESULTS
Degree of conversion
Twelve randomly selected specimens were tested for degree of conversion after five days from the day sample preparation. The measured mean degree of conversion was 91.44% (0.816). Typically for these types of samples the initial degree of conversion is 8-10% lower than the final degree of conversion at five days.
Static tests
Figures 2 and 3 provide the stress-strain curves obtained from the static tests. As seen from these figures, the loading rate has a large effect on the stress-strain behavior of dentin adhesives in both dry and wet conditions. As expected, the slopes of the linear part of the stress-strain curves, defined as the apparent "elastic" modulus, are significantly different for the three loading rates. At a loading rate of 0.1 N/min and under wet conditions, the dentin adhesives have an elastic modulus of ~1.46 GPa, but the same material at a similar loading rate under dry conditions has an elastic modulus ~3.06 GPa. Similarly, at a loading rate of 10 N/min the flexural strength decreases from ~160 MPa under dry conditions to ~60 MPa in the wet case.
Creep
Figures 4 and 5 show the results of the creep tests. For each stress-level two samples were tested. The results from two samples were within the five percent. While the creep behavior for the lower three stress-levels appears linear, the creep behavior at the highest stress-level is nonlinear. For material to have linear creep behavior at different stress levels, strain ratio at any time should be equal to the stress ratio. In Figure 4 , strain at 55 MPa is ~1.8 times the strain at 30.5 MPa at any time, which is equal to the corresponding stress ratio. This is not true for the 80 MPa stress-level. In this case the strain ratio is not the same as the corresponding stress ratio over the duration of the test. Similarly in Figure 5 , using the same analysis as for the dry specimens, we can see that creep curves for the lower three amplitudes are approximately linear whereas 30.5 MPa falls in the nonlinear range. Table I along with R 2 goodness of fit for both wet and dry conditions. While performing least-square fitting care was taken so that the creep constants are nonnegative 22, 23 as they can result in a decrease in strain with time even when constant stress is maintained. There are many methods to avoid non-negative coefficients while fitting creep data, such as interactive adjustment of relaxation or retardation times, 24 recursive algorithm, 25 and power law presmoothing. 26 To avoid nonnegative coefficients in our fitting, the parameters were constrained to be positive for the nonlinear least-square optimization.
Evaluation of viscoelastic model
For the evaluation of the viscoelastic model, Eq. (2) with initial stress σ(0) = 0 and constant stress rate was used to predict the elastic modulus. Table II compares the measured moduli from the experiment with the predicted moduli using our viscoelastic model for the three different loading rates in both dry and wet conditions. Measured moduli are the slope of the linear portion in Figures 2 and 3 . Our prediction shows close agreement with the moduli obtained from the measured curves, indicating that the five element Prony series is a reasonable model for the model dentin adhesive. Figures 8-11 show the strain versus time curves for all the different stress amplitudes in both dry and wet fatigue tests. Each figure has a measured curve from the experiment and a predicted curve calculated using Eq. (2), where σ(t) = σ a sin(ωt), ω = 2fπ and f is the cyclic frequency. Although several samples were tested, we show the results for only one representative sample whose initial creep compliance was closest to the initial creep compliance of the fitted model. Fatigue tests were performed until the specimens reached failure. Stress amplitudes differed for the two conditions because wet dentin adhesive samples have lower flexural strength than dry dentin adhesive samples (Figure 3 ).
Fatigue behavior
Failure in a fatigue test occurs either (1) when the sample ruptures or (2) when the strain in the sample becomes sufficiently large. Accordingly, our fatigue limit criterion is based upon the two failure modes: (1) when the sample is completely ruptured or (2) when the strain in the sample has reached a specified limit. The value of limiting strain is chosen using the stress-strain curves from the static tests. From the stress-strain curves we can find the strain at which the material leaves the linear region and enters into the plastic state. For the case of dentin adhesives in this study the material enters the plastic state between 2.0% and 2.5%. Hence to show the effect of strain criteria on number of cycles to failure we have chosen three different strain values (2.1%, 2.2%, and 2.3%) and have calculated the number of cycles to failure. The results presented in Tables III and IV shows the average number of cycles, N, to failure (and their standard deviation) at different stress levels for dry and wet testing conditions. These results are plotted as the so called 'SN' curves in Figure 12 .
DISCUSSION
In this study we have performed monotonic stress-strain, creep, and fatigue experiments on a model adhesive in both dry and wet conditions. This dentin adhesive has different elastic moduli at different loading rates as shown in Table II . The elastic moduli vary from 1.5 to 2 times as the loading rate is changed from slow to fast. Further, based upon the comparison of static test results (Figures 2 and 3 ) the dentin adhesive is substantially softer and weaker in the wet condition.
Significant differences were also found for the creep behavior of the model adhesive under dry and wet conditions. Creep behavior for both wet and dry testing was found to be linear for the lower three stress values. The creep behavior at stress levels of 80 MPa for dry adhesive ( Figure 4 ) and at 30.5 MPa for the wet adhesive ( Figure 5 ) was found to be nonlinear with creep strains reaching up to 7% at 120 min. For these large stress levels the samples did not recover their original state. The samples exhibited features associated with large residual strain (samples permanently bent) once the applied stress was removed.
The viscoelastic model used in this study is linear, hence for the calculation of the viscoelastic model parameters only linear creep data were used (lower three stress level in both wet and dry conditions). Creep data were fitted using the nonlinear least square method to calculate the creep constants. The linear viscoelastic model consisting of a five element Prony series was found to predict the rate dependent elastic moduli for our dentin adhesive. This model is useful in discriminating the effect of damage in the fatigue experiments.
Fatigue tests were performed at a frequency of 5 Hz, stress ratio of R = 0.1, and temperature of 37°C. Although the test frequency is larger than the typical physiological loading frequency, this frequency was chosen so as to accomplish the tests within a reasonable time frame. Similar test frequency has been used for testing dentin and a/d interfaces 19, 27 Strain in fatigue testing is composed of two parts, (1) strain due to creep under the mean stress and (2) strain due to damage accumulation because of cyclic loading. Therefore, the failure of samples can be considered as either creep failure if the sample remains linear viscoelastic till failure or fatigue failure if it deviates from linear viscoelastic behavior. In Figures 8 through  11 , the predicted strain versus time curves give the creep strain under the mean stress since the model is linear viscoelastic (which does not take into account the damage accumulation). At stress amplitude of 30 MPa and under dry conditions ( Figure 8 ) the predicted and measured curves are parallel to each other, indicating that the sample follows a linear viscoelastic behavior over the duration of the test. The test was stopped at 1400 mins since the sample had exceeded the upper strain failure criterion of 2.3%. In this case the sample experienced creep failure, with negligible contribution from damage accumulation. For stress amplitude of 45 MPa in dry testing (Figure 9 ), the predicted curve was close to the experimental curve in the early part of the loading (0-5 min), but as time proceeds the measured curve deviates considerably from the predicted curve until the sample failed by rupture at ~23 min. This deviation is caused by damage accumulation that occurs as a result of cyclic loading at higher stress amplitude. For adhesive specimens tested under wet conditions and 25 MPa stress amplitude, large damage accumulation occurred at 10 min. In comparison, at 15 MPa stress amplitude specimens tested under wet conditions accumulated very little damage even at 400 min ( Figure 10 ).
For the calculation of fatigue life at particular stress amplitude, we chose two different criteria for failure in fatigue. At a failure strain of 2.1% and stress amplitude of 45 MPa, the adhesive tested under dry conditions will last for an average of 1679 ± 402 cycles (Table  IV) . In comparison, at 30 MPa the adhesive specimen will last for an average of 67043 ± 54877 cycles. For all strain criteria the standard deviation becomes larger with a decrease in stress amplitude, that is, there is a large variation in the fatigue life of adhesive specimens at smaller stress amplitudes. This is not unexpected, since sample variability due to surface and sub-surface defects has a larger effect on deformation and failure when the loading amplitude is lower. Finally, we see that the dentin adhesive fatigue-life in wet conditions is considerably smaller than that under dry conditions ( Figure 13 ). Plasticization of polymers due to water is well-known 28 and the model dentin adhesive studied in this paper appear to suffer greatly from this phenomenon. The large difference in mechanical properties and fatigue behavior under wet conditions could have an adverse impact on adhesive durability in the mouth. In the current study, only one dentin adhesive system composed of two widely used monomers was tested. In comparison, clinical adhesives may be composed of other monomers. These clinical systems are expected to have similar viscoelastic and fatigue behavior although the quantitative results may be different. Similarly the degree of conversion will have effect on quantitative results but the overall behavior of the adhesive system should remain the same.
SUMMARY AND CONCLUSIONS
Static, creep, and fatigue tests were performed for a model dentin adhesive. Adhesive elastic modulus depends upon the rate of loading. Second, strength and elastic modulus of model dentin adhesives are reduced by nearly one-half when tested under wet conditions. This difference is likely due to the plasticizing effect of water. The viscoelastic model was able to predict the rate-dependent apparent "elastic" modulus. The creep tests and the viscoelastic model showed that the model dentin adhesive is a complex viscoelastic material. Hence, static and creep tests must be performed to characterize the viscoelastic properties of dentin adhesives. We also find that fatigue limit criterion for such polymeric materials should be based upon the two failure modes: (1) when the sample breaks (2) or when the strain in the sample has reached a specified limit. Fatigue tests showed that the model methacrylatebased dentin adhesive tested under dry conditions was more durable than the wet adhesive under constant stress cyclic loading. Cyclic loading during fatigue test. Measured SN data for model dental adhesive in wet and dry conditions. 
